ABSTRACT: Plasmonic nano-structures provide an efficient way to control and enhance the radiative properties of quantum emitters. Coupling these structures to single defects in lowdimensional materials provides a particularly promising material platform to study emitterplasmon interactions because these emitters are not embedded in a surrounding dielectric. They can therefore approach a near-field plasmonic mode to nanoscale distances, potentially enabling strong light-matter interactions. However, this coupling requires precise alignment of the
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emitters to the plasmonic mode of the structures, which is particularly difficult to achieve in a site-controlled structure. We present a technique to generate quantum emitters in twodimensional tungsten diselenide (WSe2) coupled to site-controlled plasmonic nano-pillars. The plasmonic nano-pillar induces strains in the two-dimensional material which generates quantum emitters near the high-field region of the plasmonic mode. The electric field of the nano-pillar mode is nearly parallel to the two-dimensional material and is therefore in the correct orientation to couple to the emitters. We demonstrate both an enhanced spontaneous emission rate and increased brightness of emitters coupled to the nano-pillars. This approach may enable bright site-controlled non-classical light sources for applications in quantum communication and optical quantum computing.
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Quantum emitters play an important role in many quantum optical applications such as secured quantum communication, 1,2 quantum computation 3, 4 and quantum metrology. 5, 6 Single-defect emitters in atomically thin materials [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] constitute a new class of non-classical light sources that provides a two-dimensional platform to realize these quantum optical applications. Because they are two-dimensional in nature, these emitters do not suffer from dielectric screening effects and losses due to total internal reflection that hinder other solid-state emitters that are embedded in a material with a high refractive index. Moreover, they can be generated at desired locations by 3 strain-engineering, [17] [18] [19] [20] [21] [22] [23] which offers a simple and scalable approach to couple them to photonic devices.
Plasmonic nanostructures constitute an important class of photonic devices for coupling to quantum emitters. 24 These nanostructures concentrate light to sub-wavelength dimensions, 25, 26 resulting in strong light-matter interactions that can enhance the brightness and emission rate of quantum emitters 27,28 and achieve strong optical nonlinearities. 29 Furthermore, emitter-plasmon structures offer the possibility to create optical devices that are significantly smaller than the wavelength of light 25, 26 and operate at extremely high bandwidths. 30, 31 Two-dimensional emitters constitute a particularly promising class of light sources to couple to plasmonic nanostructures because they are not embedded in a dielectric material. They can therefore approach the plasmonic mode of a nanostructure to nanometer distances without being obstructed by the surrounding substrate. But achieving this coupling is challenging due to stringent alignment requirement between the emitter and plasmonic mode which is in the nanometer size scale. 25, 26 Such an accurate alignment in a site-localized device is particularly challenging because it requires accurate and simultaneous spatial control of the plasmonic mode and emitter. Atomic force microscope tips can position plasmonic nanostructures close to a quantum emitter, 32 but this approach requires a complicated experimental apparatus and is not easily scalable to multiple devices. Other methods employ an emitter positioned on a dense array of plasmonic nanostructures 33 or generated at a roughened metallic surface 34 in order to ensure the emitter is coupled to at least one localized plasmonic mode, but these approaches are still random and require a large device area. Metal nanowires can also efficiently couple to two-dimensional emitters, 22 Figure 1(a) shows a schematic of the plasmonic nano-pillar device design, which is composed of a silicon nano-pillar with a 10 nm-thick gold layer and a 6 nm-thick aluminum oxide (Al2O3) layer on top. We introduce the Al2O3 thin film as a buffer layer to prevent quenching of the emission of WSe2 monolayer, 39 as well as to passivate it to reduce spectral wandering and blinking. 15 The nano-pillar has a diameter of 180 nm and an overall height of about 300 nm. To characterize the sample optically, we first cool it to a base temperature of 3 K using a closed-cycle refrigerator (attoDRY, Attocube Inc.). We perform all photoluminescence measurements using a confocal microscope. An objective lens with a numerical aperture of 0.8 serves to both focus the excitation laser and collect the emitted fluorescence signal. By adjusting the collimation of the input laser, we control the size of the focus to attain either a small diffraction-limited spot that excites a single nano-pillar, or a large spot that excites an area covering multiple pillars for wide-field imaging using a CCD camera (Rolera-XR, Qimaging
Inc.). A 715 nm long-pass optical filter (Semrock Inc.) rejects the pump wavelength to isolate the fluorescence signal. For high resolution spectral measurements, we use a grating spectrometer (SP2750, Princeton Instruments). The output of the spectrometer connects to a Hanbury Brown and Twiss intensity interferometer that performs two-photon correlation and lifetime measurements.
Figure 3(a) shows a photoluminescence intensity map of the sample. We excite the sample using a continuous-wave laser emitting at 532 nm, with a large excitation spot that covers multiple nano-pillars. Each nano-pillar introduces a deformation in the atomically thin WSe2 that covers it, leading to the generation of strain-induced single defects in close proximity to the plasmonic mode, [17] [18] [19] [20] [21] [22] [23] as evidenced by the bright emission from all nano-pillars in the array. To confirm that the emission originates from single defects, we measure the photoluminescence spectrum from single nano-pillar using a tightly focused spot. Figure 3(b) shows the spectrum of a representative nano-pillar that exhibits a sharp emission line. By fitting the spectrum to a single Lorentzian function, we calculate a linewidth of 0.55 nm for this particular emitter. The spectrum of the observed emitter is distinct from the photoluminescence coming from the bare WSe2 monolayer area which exhibits a broadband emission (see supporting information, Figure S1 ).
Depending on the emitter, we can observe both singlet and doublet spectral emission lines (see supporting information, Figure S2 ). Both line-shapes are consistent with previously reported spectra from defects in WSe2 monolayer. [8] [9] [10] [11] [12] Because emitters are formed by a strain-driven process, the number of emitters in each nano-pillar can vary. Figure 3(b) shows an example 7 where we observe only a single peak corresponding to one emitter, while other pillars exhibit multiple peaks (see supporting information, Figure S3 ).
In Figure 3 (c) we plot the emission intensity of the emitter shown in Figure 3 (b) as a function of the excitation power, using a 532 nm continuous-wave excitation source. The intensity shows a saturation behavior that is consistent with emission from a localized single emitter. We fit the measured data to a saturation function of the form = /( + ), where and are the integrated intensity and the saturation intensity, respectively, and and are excitation power and saturation power, respectively. In the fit, we treat and as fitting parameters. From the fit we determine a saturation power of 0.31 W/cm 2 (before the objective lens) and a saturation intensity of 8.50×10 4 counts/s on the single photon counting module.
To further validate that the emission originates from a single defect and show that the defect acts as a quantum light source, we perform a second-order correlation measurement. Figure 3(d) shows the second-order correlation measurement under continuous-wave excitation of the emitter shown in Figure 3 (b). The solid line is a numerical fit to a double exponential function.
The value of second-order correlation drops below the threshold for photon anti-bunching of 0.5, which confirms that the emission originates from a single photon emitter.
From the exponential fitting to the curve in Figure 3 (d), we calculate a lifetime of 0.8 ns which is shorter than the usual lifetimes (a few nano-seconds) of single defects in WSe2 monolayer. [8] [9] [10] [11] [12] [17] [18] [19] [20] [21] The reduced lifetime suggests an enhanced spontaneous emission rate (Purcell 8 enhancement) due to coupling to the surface plasmon mode. However, even in a bare WSe2 monolayer the single-defect emitters exhibit a large variation of lifetime and intensity (see supporting information, Figure S4 ). Thus, it is difficult to conclude from the measurement of a single emitter whether a Purcell enhancement is present. To do so requires a statistical average of the lifetimes of many emitters. We perform these statistics using measurements from 46 different emitters. We compare the lifetimes of these emitters to a similar number of emitters in two control groups, one in the bare material with no nano-pillars, and the other with nano-pillars that are not coated with gold and therefore exhibit no plasmonic mode confinement. To measure the lifetimes, we excite the emitters using 710 nm laser pulses with a 2 ps-pulsewidth, aligning to the exciton of the WSe2 monolayer (see supporting information, Figure S1 ), and directly measure the fluorescence decay by a time-resolved lifetime measurement. 
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We also statistically investigate the photoluminescence emission intensities of the single defects. To measure the emission intensities, we excite the emitters using a continuous-wave laser at 710 nm and measure the emission intensities at saturation using the spectrometer. counts/s, similar to that of the emitters in the other two control groups. The distribution also exhibits a sharp transition between the range of emitters below and above 5.0x10 4 counts/s. We attribute this behavior to the fact that some emitters are not created at the high field region of the nano-pillars, and thus show no significant radiative emission enhancement.
In conclusion, we presented a technique to generate quantum emitters in atomically thin semiconductors coupled to site-controlled plasmonic nano-pillars. The lithographically defined plasmonic nano-pillar induced strains in the WSe2 monolayer, which formed single-defect emitters in close proximity to the plasmonic structure. Studies of multiple nano-pillars revealed emitters with statistically shortened lifetimes and increased emission intensities as compared to those not coupled to plasmonic structures, indicating Purcell enhancement. The technique we presented here could be used to realize ultrafast non-classical light sources 27, 28 and nonlinear photonic devices. 29 The capability to control the position of the light source enables device integration with more complex quantum optical circuits and offers the possibility for scalable device fabrication. The technique is versatile and could be applied to construct coupled devices composed of various plasmonic nano-structures 24 and single defects in diverse atomically thin materials.
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